Long noncoding RNAs (lncRNAs) are emerging as a class of important regulators participating in various biological functions and disease processes. With the widespread application of next-generation sequencing technologies, large numbers of lncRNAs have been identified, producing plenty of lncRNA annotation resources in different contexts. However, at present, we lack a comprehensive overview of these lncRNA annotation resources. In this study, we reviewed 24 currently available lncRNA annotation resources referring to > 205 000 lncRNAs in over 50 tissues and cell lines. We characterized these annotation resources from different aspects, including exon structure, expression, histone modification and function. We found many distinct properties among these annotation resources. Especially, these resources showed diverse chromatin signatures, remarkable tissue and cell type dependence and functional specificity. Our results suggested the incompleteness and complementarity of current lncRNA annotations and the necessity of integration of multiple resources to comprehensively characterize lncRNAs. Finally, we developed 'LNCat' (lncRNA atlas, freely available at http://biocc.hrbmu.edu.cn/LNCat/), a user-friendly database that provides a genome browser of lncRNA structures, visualization of different resources from multiple angles and download of different combinations of lncRNA annotations, and supports rapid exploration, comparison and integration of lncRNA annotation resources. Overall, our study provides a comprehensive comparison of numerous lncRNA annotations, and can facilitate understanding of lncRNAs in human disease.
Introduction
Long noncoding RNAs (lncRNAs) are a novel class of noncoding RNAs and pervasively transcribed in the human genome. LncRNAs have low expression and modest sequence conservation, and are highly tissue specific [1] [2] [3] . Recent studies have revealed that lncRNAs perform essential functions in numerous fundamental biological processes such as transcriptional regulation, cell differentiation and chromatin modification [4, 5] . Accumulating evidences indicate that lncRNAs are implicated in the development and progression of many human diseases [6] [7] [8] . LncRNAs are receiving increasing attention by researchers in various fields.
With the wide application of next-generation sequencing technologies, thousands of lncRNAs were identified by different bioinformatics strategies in mammalian transcriptomes. For example, Cabili et al. [2] applied RNA-seq to assemble transcriptomes and generated a reference catalog of 8195 human large intergenic noncoding RNAs (lincRNAs) in 24 tissues and cell types. Recently, Iyer et al. presented an expanded map of lncRNAs based on unbiased transcriptome reconstruction from thousands of tumors, normal tissues and cell lines [9] . Besides, several lncRNA databases were developed for facilitating lncRNA research. GENCODE (V19) conservatively annotates 13 869 independent lncRNA genes by a merge of manually annotated Human and Vertebrate Analysis and Annotation (HAVANA) and computationally derived ensemble models in the human genome [1] . LNCipedia (V2.1) is an integrated database that offers the annotation of 31 972 lncRNA transcript sequences [10] . NONCODE records a large number of noncoding RNAs, and the number has increased sharply in the version 4.0 [11] . Recently, an open-access web resource, TANRIC, was developed for interactive exploration of lncRNAs in cancer [12] . Nevertheless, many studies constructed their own lncRNA catalogs using RNA-seq data to help understand the roles of lncRNAs in specific contexts. For example, Mor an et al. constructed a transcriptome map of human pancreatic islets and b-cells, and discovered 1128 novel intergenic and antisense islet-cell lncRNA genes [13] . Such large efforts raise an important question about the commonalities and differences among diverse lncRNA annotation resources. Thus, a comparative evaluation of currently available lncRNA annotations is needed to help us better understand and improve the annotation of lncRNAs.
Here, we manually collected >205 000 annotated lncRNAs excavated from 24 available literatures or databases. We performed a comprehensive comparative analysis across these different annotation resources to take a broad view of current lncRNA annotations. Our results revealed that lncRNAs from different annotation resources harbored specific characteristics in respect to genomic structure, conservation, tissue specificity and chromatin state and function, suggesting the necessity of integration of these resources. We thus developed a userfriendly database entitled 'LNCat' (lncRNA atlas, http://biocc. hrbmu.edu.cn/LNCat/), which can help researchers to finely characterize lncRNAs and obtain a deep catalog of lncRNAs through integrating different annotation resources.
Materials and methods

Human lncRNA annotation resources
Human lncRNA annotation resources were collected from the literatures by searching PubMed via key words 'RNA-seq', 'ChIPseq', 'lncRNA', 'long noncoding RNA' and 'long intergenic noncoding RNA'. We collected 19 articles corresponding to 21 resources that applied high-throughput sequencing data to identify lncRNAs. Nineteen human lncRNA annotation resources were retrieved from the supplementary materials of the corresponding articles and two resources were obtained by contacting the authors. Of the 21 annotation resources, 11 provided exon structures of lncRNA transcripts/genes and 20 provided the genomic locations of the boundaries of lncRNA genes. LncRNAs without chromosome information were filtered out. Genomic positions of lncRNAs were mapped to the NCBI37/hg19 assembly of the human genome using the UCSC LiftOver tool. We used the name of the first author indicated by capital letters to clearly distinguish these resources. These catalogs included CABILI [2] , TRIMARCHI [14] , KRETZ [15] , WHITE [16] , KELLEY [17] , HANGAUER [18] , PARALKAR [19] , HE [20] , YANG [21] , MORAN [13] , IYER [9] , NECSULEA1/2 [22] , NE [23] , SOWALSKY [24] , KHALIL [25] , SIGOVA1/2 [26] , BELL [27] , YAN [28] and DING [29] . In addition, three widely used lncRNA databases, including GENCODE (V19) [1] , LNCipedia (version 2.1) [10] and NONCODE (version 4.0) [11] , were also included. Finally, 24 lncRNA annotation resources were used in the following analysis.
Considering the inconsistent information of genomic structures among different annotation resources, we characterized the resources from three levels including transcript, gene and gene boundary. The transcript level refers to the exon structures of lncRNA transcripts from 13 resources. As for the gene level, we clustered the transcripts corresponding to one gene. To generate the exon structure of the gene, all of the exons from the transcripts were merged if they overlapped by at least one base. The gene boundary level refers to the start and end of lncRNA genes.
Repetitive element analysis
RepeatMasker annotation storing the coordinates of repetitive elements was downloaded from the UCSC track. Eight major families were used, including long interspersed nuclear elements, short interspersed nuclear elements, long terminal repeat elements, DNA repeat elements, simple repeats, low complexity repeats, satellite repeats and rolling circle (RC). We mapped repetitive elements to the lncRNA locus based on their overlapping by at least one base on the same strand using BEDTools [30] and then analyzed the distribution of repetitive elements in lncRNAs from each resource.
Evolutionary conservation analysis
The evolutionary conservation was evaluated by 46-way phastCons vertebrate conserved elements from the UCSC Genome Browser website [31] . We computed average phastCons scores for exons and promoter regions for lncRNAs as well as protein-coding genes (PCGs). The promoter regions were defined as the regions 2.5 kb upstream to 0.5 kb downstream of the transcription start sites (TSSs) [32] [33] [34] [35] .
Expression levels across tissues and tissue specificity analysis
Raw RNA-seq data in 16 normal tissues were obtained from the Illumina Human Body Map (HBM) Project (www.illumina.com). The sequence read archive (SRA) file for each tissue was downloaded and was converted to FASTQ format using the SRA Toolkit. Reads were mapped to the human reference genome hg19 using TopHat (version 2.0.13) with default parameters [36] . The expression levels of lncRNA genes were calculated using the reads per kilobase of exon per million mapped reads (RPKM) measure. To evaluate the tissue specificity of each lncRNA, we calculated tissue-specific scores [also termed Jensen-Shannon tissue specificity (JS) score] for the 16 different tissues using an entropy-based metric proposed by Cabili et al. [2] . According to previous studies [37] , lncRNAs with JS score >0.4 in a specific tissue were indicated to be specifically expressed in that tissue. Then, the fractions of tissue-specific lncRNAs across all tissues in each resource were calculated.
Profiles of histone marks across lncRNAs from different resources
Raw ChIP-seq data for H3K4me3, H3K4me1, H3K27me3 and H3K27ac in eight human cell lines (including A549, GM12878, H1, HeLa-S3, HepG2, HMEC, HUVEC and K562) were obtained from the ENCODE project (GSE29611). For each ChIP-seq data, sequence reads were aligned to the human reference genome hg19 using Bowtie (version 0.12.9) [38] , with the first 28 bases as the 'seed' region and allowing up to two mismatches. Only uniquely mapped reads were retained, and duplicate reads were filtered out. Reads were then extended by 200 bp in the 3 0 direction. Reads per exon model per million mapped reads (RPM) was calculated for intervals across the promoter regions (À2.5 kb to þ0.5 kb region surrounding the TSS) of lncRNA genes.
To further analyze the enrichment of histone modifications at the promoters of lncRNA, we calculated the RPM value for each histone ChIP-seq and the corresponding input-DNA data. The histone modification level at an lncRNA promoter was defined as the log 2 ratio of RPM values between the paired ChIP and input data. For a given resource, we calculated the fraction of lncRNAs with log 2 ratio > 1 [39] . Similarly, we calculated the fraction of lncRNAs with enrichment of two histone modification marks (that is, log 2 ratios > 1 for both of the marks).
Results
Summaries of lncRNA annotation resources
We collected >205 000 lncRNAs from 24 human lncRNA annotation resources, referring to 19 literatures and three databases and covering over 50 tissues or cell lines ( Figure 1A and Table 1 ). The number of samples sequenced to annotate lncRNAs ranged from 3 to over 7000. Over half (52%) of the lncRNA annotation resources were generated from >20 samples. Two resources used more >200 samples to annotate lncRNAs, especially for IYER, which curated 7259 RNA-seq libraries. Among the 21 resources retrieved from literatures, 7 resources were derived from multiple tissues and 14 were from single tissues. The majority of resources (such as CABILI and IYER) used RNA-seq data to perform the construction of transcriptome based on ab initio or de novo assembly for identifying lncRNAs. The ab initio assembly is highly sensitive and can capture transcripts of low abundance, while the de novo assembly allows detection of novel transcripts without depending on a reference genome [40] . Among these resources related to RNA-seq, eight used pairedend sequencing techniques, three used both paired-end and single-end and five used single-end ( Figure 1B) . Compared with single-end sequencing, paired-end sequencing provides information on the two ends of the fragments and the regions between them, thus improving the genomic alignment, especially in the repeat regions [41] . These resources used different filtering strategies to identify reliable lncRNAs, referring to five criteria, including size selection, coding potential, exon number, expression level and epigenetic signals (Table 1) . Most resources required the size of lncRNA transcripts >200 bp, with the exception of SIGOVA, YAN and KHALIL that used 100 bp, 1 kb and 5 kb as the threshold, respectively. Fifteen resources applied the criterion about the expression level, but with different thresholds. As for epigenetic signals, some resources applied epigenetic markers derived from ChIP-seq data (such as H3K4me3) to screen active lncRNAs. Notably, among these resources, 13 focused on lncRNAs, while 8 focused on intergenic lncRNAs (lincRNAs).
CABILI used RNA-seq data from 24 tissues and cell types to identify lincRNAs. After reads mapping and assembling, transcripts with single exon, length 200 bases and low abundance (less than three reads) or coding potential (containing an open reading frame with a PhyloCSF score > 100 or a known proteincoding domain) were filtered. The remaining transcripts that did not overlap known non-lincRNA annotations were regarded as potential lincRNAs. To identify novel lincRNAs in the human prefrontal cortex, HE applied a similar strategy with CABILI, except for a different expression threshold (!1 RPKM). Based on the same RNA-seq data as CABILI, KELLEY assembled a catalog of lincRNAs using TopHat and Cufflinks. LincRNAs with two or more exons, length !200 bp, expression abundance !1 fragments per kilobase of exon per million mapped reads (FPKM) in at least one of the tissues or cell lines and low coding potential (PhyloCSF scores 100) were selected. By transcriptome Overview of lncRNA annotation resources | 239 assembly of dynamic RNA-seq from primary human keratinocytes using Cufflinks, KRETZ identified novel lincRNAs that have multiple exons and a total length of !200 bp without overlapping with any annotated genes. DING analyzed RNA-seq data from breast cancer tissues. After filtering mapped reads against the RepeatMask, rRNA and other repeated sequences, lincRNAs were identified by considering expression abundance (!10 reads) and their minimum distance to neighbor genes (1500 bp for upstream and downstream genes). WHITE used the de novo assembly strategy to analyze RNA-seq data from three lung cancer cohorts and discovered novel unannotated lincRNAs through removing any transcripts overlapping with known genes or lacking a splice junction. HANGAUER performed de novo transcriptome assembly for RNA-seq data sets from multiple tissues. The transcripts overlapping with known annotated genes, containing an open reading frame (>100 amino acids) or harboring reads linked with neighboring genes were filtered. NECSULEA performed de novo detection of lncRNAs by applying several filtering conditions including multiple exons with minimum exonic length of 200 bp, intron size (<100 kb) and coding potential (>2 kb away from coding regions). IYER collected a total 7256 RNA-seq libraries to expand the landscape of human transcriptome by applying the ab initio assembly methodology. Transcripts with unknown coding potential and >200 bp in length were considered as lncRNAs. BELL identified assembled transcripts with at least two exons and length !200 bp, without overlapping with known transcripts and without coding potential and coding domains as lncRNAs. YANG identified novel lncRNAs that did not overlap with any coding or noncoding genes, with multiple exons, low coding potential and expression !0.5 RPKM in more than two individual samples. NE identified lncRNAs by removing any transcripts overlapped with known annotated transcripts or coding regions. PARALKAR used the web-based bioinformatics platform Galaxy to identify lncRNAs by considering length, exon number, coverage depth, overlap with known annotations and coding potential. SOWALSKY accepted any novel unannotated transcripts >200 bp with at least two exons as lncRNAs. YAN used single-cell RNA-seq to search for novel transcripts, and identified lncRNAs by removing those <1 kb, with a single exon or within 10 kb upstream or downstream of any known genes. KHALIL identified lincRNAs by a previously developed approach [42] that searched for K4-K36 domains (at least 5 kb in size) without known annotations or coding capacity and then used genomic tiling microarrays to determine exon structure. TRIMARCHI generated a high confidence T-cell acute lymphoblastic leukemia (T-ALL) lncRNA annotation by removing any transcripts overlapping with known coding regions or without enrichments of active histone modifications. MORAN identified lncRNAs in human islets and beta-cells. All lncRNAs satisfied In addition, we also collected three widely used lncRNA databases: manually curated GENCODE (V19), LNCipedia (V2.1) and NONCODE (V4.0). Of the 23 lncRNA annotation resources, 13 provided the exon structure for each lncRNA, and the remaining only gave the region coordinates of the lncRNA genes. More detailed information of these lncRNA annotation resources were listed in Table 1 . Considering that different resources used different methods (ab initio and de novo) and focused on different research scope (lncRNAs and lincRNAs), we organized these resources in a hierarchical manner. Based on these lncRNA annotation resources, we obtained the genomic locations and mapped their genomic positions to the NCBI37/hg19 coordinate system. With the aim of exploring commonalities and differences among these lncRNA annotation resources, we compared the overlap of their genomic regions and the genomic, transcriptomic and epigenomic features. We calculated the lncRNA length, the number of exons, the conservation score and the overlap with repetitive elements and determined the lncRNA type for each lncRNA. We also analyzed tissue specificity of lncRNAs based on their expression in different tissues and cell lines, and characterized their epigenetic states in different cell lines. Finally, we built a comprehensive lncRNA catalog through integrating all annotation resources for facilitating understanding of functional roles of lncRNAs.
Characterization of general information for lncRNA annotation resources
These lncRNA annotation resources showed similar chromosome distribution (Supplementary Figure S1A) , but with different genome coverage (Supplementary Figure S1B) . The numbers of lncRNA genes in these annotation resources varied substantially ( Figure 2A and Supplementary Figure S1C for lncRNA transcripts), which may result from the number of samples and different tissues and cell lines. IYER identified the largest number of lncRNAs because 7256 samples including various tumor and normal tissues as well as cell lines were used. Another possible reason is distinct thresholds of various filtering conditions, such as the expression threshold. We found divergent distributions of length across these resources ( Figure 2B ). The different thresholds of the size selection may be the main reason for the divergent length distributions. For example, KHALIL, which has the longest length (49 875 on average), used 5 kb as the threshold, while most resources used the threshold of 200 bp. We also observed that the distributions of exon number per lncRNA were different among these resources ( Figure 2C ). Among these resources, MORAN had the least numbers of exons (on average of 1.4), with 73.7% harboring only one exon. This is because of the lack of a filtering condition about the exon number. Another resource WHITE without the filtering condition of exon number had the second least numbers of exons. In addition, lncRNA genes had fewer exons than PCGs. Furthermore, we compared the number of splicing isoforms per lncRNA gene and found that the resources using ab initio assembly seemed to have more splicing isoforms than those using de novo assembly. In particular, IYER harbored the most isoforms, with an average of 5.49 per lncRNA gene (Supplementary Figure S1D) , and TRIMARCHI harbored the most lncRNA genes with alternative splice variants (65.5%, Supplementary Figure S1E) . By classifying lncRNAs into five groups (including intergenic, antisense, exonic, intronic and overlapping lncRNAs), we found that the resources focusing on lncRNAs showed different distributions of the five groups ( Figure 2D ). Intergenic lncRNAs accounted for most of lncRNAs in these annotation resources. Notably, NONCODE contained a large number of exonic lncRNAs relative to other resources.
Next, we evaluated the evolutionary conservation of exons and promoters of lncRNAs across these resources by using phastCons scores. Our results showed that the lncRNAs in all of the resources exhibited poor evolutionary conservation relative to PCGs (Figure 2E ), consistent with previous reports that lncRNAs undergo rapid evolutionary turnover [3] . Especially, we found that the resources focusing on lincRNAs exhibited relatively poorer evolutionary conservation than other resources focusing on lncRNAs. It can be explained by the fact that most intergenic transcripts show little or no evolutionary conservation [43] . Notably, NONCODE had a remarkably higher conservation of lncRNA exon sequence than other resources, perhaps because of its relatively high percentage of exonic lncRNAs ( Figure  2D and E). Nevertheless, promoters of lncRNAs in all resources and PCGs showed comparable conservation, suggesting that lncRNAs may undergo the same transcriptional regulation as PCGs (Supplementary Figure S1F) . Recent studies have pointed out that transposable elements significantly contributed to the origin and regulation of lncRNAs [44] . As a result, we found that >60% of lncRNAs in each resource were associated with repetitive elements, and all resources showed similar distributions of different types of repeat families ( Figure 2F, Supplementary Figure  S1G ). 
Diversity of exon structures among different lncRNA annotation resources
To compare exon structures among these resources, we selected 13 lncRNA annotation resources (six and seven resources focusing on lincRNAs and lncRNAs, respectively) that provided available exon structures of lncRNA transcripts. To our surprise, for lincRNA resources, there were not any lncRNA transcripts showing consistent exon structures across over two resources ( Figure 3A , left panel). We observed that 91% of lincRNA transcripts were unique to one resource and the remaining 9% occurred in two resources. For lncRNA resources, only eight lncRNA transcripts showed the same exon structures in five resources, and 88% of lncRNA transcripts were unique to one resource ( Figure 3A, right panel) . Comparisons of exon structures and gene boundaries for lincRNA/ lncRNA genes showed similar results (Supplementary Figure S2) . Indeed, when focusing on exons of lncRNA transcripts, only 99 exons were commonly detected in six lncRNA resources and 430 417 were unique to one resource. Even for some well-known lncRNAs, the exon structures annotated in different resources were different. For example, 5 and 58 transcripts of HOTAIR were recorded in GENCODE and IYER, respectively ( Figure 3B ). The five transcripts in GENCODE were different from those in IYER. Furthermore, we analyzed the proportions of unique lncRNA transcripts in each of the resources (Figure 3a, bottom panel) . We observed that most of the lncRNAs from two resources (GENCODE and LNCipedia) occurred in at least two resources, suggesting their higher consistency than other annotation resources. Only about 10% unique lncRNA transcripts were found in GENCODE and LNCipedia. This is because LNCipedia integrates the lncRNA transcripts from GENCODE. As a comparison, another database resource NONCODE showed a large number of unique transcripts. Interestingly, CABILI and KELLEY had substantial unique transcripts, although they were both derived from the same RNA-seq data. In addition, it should be noted that IYER, harboring the largest number of lncRNAs, was insufficient to capture many lncRNAs from other resources, especially for lncRNAs identified in a specific context. For example, LCAT_00210301 and LCAT_00210302 identified in WHITE were not detected in IYER, and one of them, LCAT_00210301, was proved to be upregulated in lung cancer (Supplementary Figure S3) [16] . The findings indicated the inconsistency and complementarity of these lncRNA resources.
Tissue and cell type dependence of different lncRNA annotation resources
Accumulating evidence has confirmed high tissue and cell-type specificity of lncRNAs [2, 45] . We thus sought to determine how lncRNAs in different resources are expressed across different tissues and cell types. We obtained RNA-seq data of 16 normal tissues from the Illumina HBM Project and calculated expression levels of lncRNAs in each annotation resource across different tissues. By analyzing the distribution of lncRNAs expressed across these tissues (RPKM > 0), we found that the majority of lncRNAs tended to be present either in a few tissues or in all tissues ( Figure 4A) . Interestingly, the resources focusing on lincRNAs showed enrichment of tissue-specific lncRNAs, while the resources focusing on lncRNAs (especially for the resources using epigenetic information) showed enrichment of widely expressed lncRNAs. For example, 22.5% of the lincRNAs in HE were expressed in brain tissue and only 0.6% were expressed in all tissues ( Figure 4A and B) . In contrast, 45.3% of lncRNAs in MORAN were broadly expressed in 16 tissues and only 1.3% were expressed in one tissue ( Figure 4A and C) . To further characterize tissue-specific expression patterns of lncRNAs, we calculated the tissue specificity score for each lncRNA using an entropy-based metric proposed by Cabili et al. [2] . Comparisons of the fractions of lncRNAs specially expressed in each tissue (JS score > 0.4) for different resources showed that the majority of lncRNAs were preferred to be expressed in brain ( Figure 4D) , consistent with previous observations [46] . In addition, several resources seemed to capture different tissuespecific lncRNAs, such as a high proportion of ovary-specific lncRNAs in NONCODE and a high proportion of white blood cellspecific lncRNAs in TRIMARCHI ( Figure 4D ). The same analyses of the expression patterns of lncRNAs were also performed in nine cell lines from ENCODE and showed similar results ( Supplementary Figures S4A and B) . Taken together, our results showed the specificity of different lncRNA annotation resources in annotating lncRNAs, highlighting their tissue and cell type dependence.
Cis-acting of lincRNAs in different annotation resources
As lncRNAs may act in cis to affect the expression of their neighboring PCGs [47, 48] , we next investigated whether lncRNAs from different resources displayed similar correlation patterns with their neighboring PCGs. To test this, we calculated Pearson's correlations between lincRNAs and their closest PCGs using the HBM RNA-seq data. We found clear double-peak distributions in most resources ( Figure 4E and Supplementary Figure S4C for ENCODE data). A portion of lincRNAs showed high correlation with their neighboring PCGs (Pearson's correlation coefficient > 0.5), especially in GENCODE, LNCipedia, NONCODE and IYER. In contrast, for MORAN, there was no such correlation pattern. We also calculated the correlations of intronic lncRNAs with their closest PCGs, and found similar results ( Supplementary Figures S4D and E) . Moreover, we found that lincRNAs from different resources can help to more comprehensively understand the cis-acting of lincRNAs. For instance, two lincRNAs (G079703 from IYER and NONHSAG049660 from NONCODE) were highly correlated with the same neighboring gene N-acetyltransferase 2, which is a known cancerassociated gene (Pearson's correlation coefficient ¼ 0.989 and 0.602, respectively), while other resources did not capture any lncRNAs in this region (Supplementary Figure S5A) . One lincRNA XLOC_tallLncRNA_116715 from TRIMARCHI showed a high correlation with its neighboring gene CD7 (Pearson's correlation coefficient ¼ 0.761, Supplementary Figure S5B) , which has been demonstrated to play an important role in T-lymphoblastic leukemia [49, 50] . This cis-regulation was not found in other resources. These results suggested that integration of lncRNA annotation resources was necessary to elucidate the cisregulation of lncRNAs.
Insights into chromatin signatures of lncRNAs across different annotation resources
Epigenetic modifications are important for the lineage and developmental stage of cells by controlling key regulators [51, 52] . To explore the epigenetic modification of lncRNAs from different resources, we downloaded histone modification ChIP-seq data in eight cell lines (A549, GM12878, H1, HeLa-S3, HepG2, HMEC, HUVEC and K562) from the ENCODE consortium. The ChIP-seq data set contained three active histone marks (H3K4me3, H3K4me1 and H3K27ac) and a repressive histone mark H3K27me3. Histone modification signals around the transcriptional start sites (TSSs) of the lncRNAs in each resource were depicted in eight cell lines ( Figure 5 ). To avoid bias, we removed MORAN and TRIMARCHI, which integrated the epigenetic information to help the lncRNA annotation. Similar histone modification patterns across different resources were observed for active histone marks. LncRNAs from different resources consistently displayed enrichment of H3K4me3 and H3K27ac at the upstream of TSSs and enrichment of H3K4me1 around the TSSs. PARALKAR showed the highest signals of active histone marks when compared with other resources. As for the repressive histone mark H3K27me3, we did not observe predominant associations around the TSSs of lncRNAs in almost all cell lines except for H1 (Figure 5D ), which may be explained by previous evidence that lncRNAs and bivalent chromatin states are required to maintain embryonic stem cell pluripotency and self-renewal [53] .
To further explore how many lncRNAs from different resources can be characterized using histone modification marks, we calculated the fraction of lncRNAs occupied by a specific histone mark in each resource. We found that the fraction of lncRNAs enriched for H3K4me3 varied greatly across resources (e.g. 4.65% in WHITE versus 45.45% in PARALKAR in A549) ( Figure 6 ). Such changes were stable across different cell lines. Analogously, the fraction of lncRNAs enriched for the enhancer marks H3K4me1 and H3K27ac [54] S3). Furthermore, we calculated the frequencies of lncRNAs enriched for combination of histone marks. As a result, all resources showed enrichments of combination of histone marks, but to different degrees (Supplementary Figure S6) . Interestingly, in H1, all resources had different proportions of lncRNAs with bivalent chromatin states. The highest was observed in PARALKAR.
Different lncRNA annotation resources capture diverse biological functions
Next, we sought to examine the functions of lncRNAs in these annotation resources. We performed functional enrichment analysis of lncRNAs from each annotation resource using the Genomic Regions Enrichment of Annotations Tool (GREAT) [55] with default parameters. Among the 24 resources, 16 were identified for at least one gene ontology term. Intriguingly, different resources can capture distinct biological processes (Figure 7 ). Many important biological processes were only present in specific resources, and only a few common biological processes (including some fundamental cellular functions, such as cellular biosynthetic process and metabolic process) were present in all resources. For example, brain-related functions such as central nervous system neuron axonogenesis and cell morphogenesis involved in neuron differentiation were only present in HE, which was enriched by highly brain-specific lncRNAs ( Figure 7B ). LncRNAs in TRIMARCHI were involved in alpha-beta T-cell differentiation and T-cell-mediated immunity ( Figure 7C ). Taken together, lncRNAs from different annotation resources can capture diverse functions, reflecting the functional specificity and preference of lncRNA annotation in different resources and further supporting the complementarity of current lncRNA annotation resources.
LNCat: an integrative resource of multiple lncRNA annotation resources
Our above results suggested the necessity for integration of different lncRNA annotation resources. Therefore, we developed a database named LNCat by integrating current available lncRNA annotations (Supplementary Figure S7) . LNCat provides a comprehensive characterization of lncRNAs and contains three major modules. The first module is a genome browser of lncRNA structures, enabling the visualization of all exon structures from 13 lncRNA annotation resources by searching lncRNAs by gene names, IDs or genomic coordinates, which can thus help discover common (or unique) exon structures across these annotation resources ( Figure 8A ). The second module is a visualization of different resources from multiple levels, including genomic information, exon structure, expression, tissue specificity, chromatin signature and function. Users can inspect and compare these lncRNA annotations. The third module is the download of different combinations of lncRNA annotations. LNCat allows users to flexibly select resources of interest, and then perform integration of the resources in the union or intersection manner ( Figure 8B ). During the process, lncRNAs with identical exon boundaries and on the same strand were considered as the same lncRNA, and otherwise were regarded as distinct lncRNAs. In addition, we also built a comprehensive lncRNA catalog through integrating all annotation resources based on a relaxed criterion (see Supplementary Materials). In the 'Download' portal, the basic description about each lncRNA annotation is provided and the corresponding exon structures can be obtained. With the widespread application of highthroughput sequencing techniques, more lncRNA annotations in different context will be completed. LNCat will be periodically updated to incorporate newly generated lncRNA annotations.
Discussion
At present, the annotation of lncRNAs in different contexts is continuing to grow. Understanding these lncRNA annotations will give insight into the lncRNA world. In this study, we manually collected 24 publicly available lncRNA annotation resources and performed a comprehensive overview of exon structure, expression, tissue specificity, epigenetic signature and function. Our results showed similar histone modification patterns across different lncRNA annotation resources and revealed their tissue/cell dependence and functional specificity. Such specific characteristics of different resources suggest the incompleteness and complementarity of current lncRNA annotations and the necessity of integration of these annotation resources. We thus developed LNCat to store the information of all of these resources, allowing exploration of the diversity of different resources and providing detailed exon structures of lncRNAs from multiple resources. To our knowledge, this was the first time analyses of the commonalities and differences of such large amounts of lncRNA annotations took place.
Assembly methods (ab initio or de novo) may be a major contributor to the difference between different resources. The annotation resources using the de novo assembly method annotated lncRNAs with relatively fewer exons than those detected using the ab initio method ( Figure 2C ). This may be because of the inherent limitations of de novo transcriptome assembly based on the use of short reads and finite sequencing depth, which is hard to precisely determine the complete structure of lncRNAs [40] . On account of low read depth, some exons with insufficient reads may escape from the assembly into a common transcript, leading to the incorrect annotation of the single exons as distinct transcripts. These single-exon transcripts were filtered in most resources, thus resulting in fewer exons of lncRNAs identified by the de novo assembly method. Furthermore, we found that the resources using the ab initio method harbored more isoforms than those using the de novo method (Supplementary Figures S1D and E) . This may benefit from the high sensibility of the ab initio method, which can assemble transcripts of low abundance [18, 40] .
A large variation in the number of lncRNAs among different resources was observed (Figure 2A) , which may result from the number of samples and different tissues and cell lines. Distinct thresholds of various filtering conditions may also contribute to the difference in the number of lncRNAs. Notably, we found that lncRNA resources using epigenetic signals to help annotation possessed fewer lncRNAs than those without using epigenetic signals (Figure 2A) . A possible explanation is that many lncRNAs lack the enrichment of epigenetic signals [56] . Especially, the lncRNA annotation resources using H3K4me3 (i.e. TRIMARCHI and MORAN) were more likely to be wildly expressed in different tissues/cell types ( Figure 4A ). It might be explained that H3K4me3 has been shown to play a similar role in different cell types and occupies most gene promoters in multiple tissues [57, 58] . For the other resources without using epigenetic signals, more than half identified lncRNAs in a specific tissue or cell type, such as DING in breast cancer tissues and BELL in coronary artery smooth muscle cells. These resources were more likely to focus on context-specific lncRNAs, and thus contained relatively fewer lncRNAs than those based on multiple tissues/cell types.
Notably, among these resources, considerable variations were observed in lncRNA structures. The evidence-based GENCODE, which is widely used for lncRNA studies, could only cover parts of lncRNAs in other annotation resources, failing to capture the well-studied lncRNAs in a specific context, such as LCAL_00210301 in WHITE [16] and LUNAR1 in TRIMARCHI [14] . The recently published IYER that contained the most expanded lncRNAs still omitted numerous lncRNAs verified in GENCODE as well as other annotation resources. There are likely to be a number of reasons for the variations, such as sequencing coverage [59] , confusing lncRNA classification [60] and technical limitation [41] . Another possible reason is the less coverage at the 5 0 and 3 0 ends of transcripts using RNA-seq, thus resulting in truncations of the full length transcripts [61] . Selection of different annotation strategies can also contribute to the variations. CABILI and KELLEY, for example, applied different strategies to the same RNA-seq data (more than three reads, PhyloCSF < 100 and without a Pfam hit for CABILI; FPKM ! 1, ! 2 exons and PhyloCSF < 100 for KELLEY), but obtained distinct lncRNA annotations. CABILI contained 14 281 lncRNA transcripts, while KELLEY contained 21 244 lncRNA transcripts. There were only 4337 common transcripts shared by both resources. In addition to lncRNA structures, functional specificity of different resources was also observed. Such specificity essentially resulted from the restriction of annotation resources to specific tissues, such as WHITE in lung cancer tissues, TRIMARCHI in T-ALL cell lines and HE in human prefrontal cortex. Indeed, the resources focusing on specific tissues could help reveal many novel lncRNAs. Importantly, these novel lncRNAs are generally critical to the biogenesis of specific tissues and tissue-related functions [62, 63] . Integration of the resources derived from different tissues can further enlarge the current lncRNA catalog.
Overall, we provide a comprehensive overview of current lncRNA annotation resources. The integrative database LNCat allows researchers to achieve refined annotation of lncRNAs within the interested region. With the explosion of research on lncRNAs, more and more lncRNAs would be identified, and our analyses will provide a valuable guidance to help complete the lncRNA catalog.
Supplementary data
Supplementary data are available online at http://bib.oxford journals.org/.
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Key Points
• With the widespread application of next-generation sequencing technologies, plenty of lncRNA annotation resources have been produced, raising an important question about the commonalities and differences among them.
• A comprehensive overview of currently available lncRNA annotation resources will help us better understand and improve the annotation of lncRNAs.
• Different lncRNA annotation resources showed many distinct properties and revealed their tissue/cell dependence and functional specificity.
• Such specific characteristics of different resources suggested the incompleteness and complementarity of current lncRNA annotations and the necessity of integration of these annotation resources.
• The integrative database LNCat allows researchers to browse detailed exon structures of lncRNAs, visualize the comparative analysis results and integrate lncRNA annotations of interest.
